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Abstract

This paper introduces a novel approach to controlling membrane permeability in free unilamellar vesicles using shearing in the p
a detergent with a large head-group to tune pore formation. Such shear-induced permeation could offer a simple means of posten
bioactive molecules to prepare vesicle vectors for drug delivery. Using UV absorption, fluorescence emission, dynamic light scatt
electron microscopy, we investigated the membrane permeability and the morphology of unilamellar lipid vesicles (diameter in
50–400 nm) subjected to a shear stress in the presence of a small amount of nonionic surfactant (Brij 76). Shear-induced leakage
events were observed. We analyzed the significance of the vesicle size, the shear rate, and the surfactant-to-lipid ratio for th
phenomena. The present approach is evaluated for postloading of preformed vesicles.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Chemical agents (addition of solvent, surfactant, or
modifying the membrane properties, chemical degrada

Abbreviations: ANTS, aminonaphthalene-3,6,8-trisulfonic ac
Brij 76, polyoxyethylene (10) stearyl ether; Brij 700, polyoxyethyle
(100) stearyl ether; DLS, dynamic light scattering; DPX,N ,N -p-xyly-
lene-bis(pyridinium bromide); EDTA, ethylenediamine tetraacetate; E
egg phosphatidylcholine; GUV, giant unilamellar vesicle; LUV, lar
unilamellar vesicle; SUV, small unilamellar vesicle; TES,N -tris[hy-
droxymethyl]methyl-2-aminoethanesulfonic acid; Tris buffer, 2-ami
2-(hydroxymethyl) 1,3-propanediol.
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of the lipids) and physical actions (change of temperat
exposure to UV, osmotic shock) can be used to stress ves
[1–10]. Among physical sources of stress, shearing exh
especially attractive features such as tunability and sele
ity of action for encapsulating fragile objects such as d
molecules. Shearing found versatile applications for v
cle preparation: large unilamellar vesicles (LUV, diame
100 to 400 nm) are commonly produced by extrusion
the so-called onion vesicles can be obtained from lame
phases of monocatenar surfactants by shearing in a Co
viscometer[11].

Shearing can also be a strategy for delivering hydroph
molecules trapped inside vesicles[12–16]. In a first attempt,
bilayer permeability in giant unilamellar vesicles (GUV, d

ameter 1 to 100 µm) was induced by spreading them onto
charged rough surfaces of sporopollenins[13]. We sub-
sequently analyzed the spreading-induced permeability of

http://www.elsevier.com/locate/jcis
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Fig. 1. Schematic diagram of the strategy to induce leakage of vesicles by shearing. Upon shearing, the evenly distributed detergent bearing a largead group

partially segregates within the bilayer. This phenomenon promotes the formation of pores favoring exchanges of aqueous solution between the internal and
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external vesicle pools. Lipid distribution relaxes once the shear stress

GUV electrostatically interacting with smooth or decora
planar surfaces[15,16]. In particular, we showed that pe
meation was governed by pore formation that specific
occurred in heterogeneous domains of the lipid bilayer[17].
The latter observation suggested to us a novel approa
controlling membrane permeability in free vesicles of dia
eter smaller than that of GUV by using shearing to tune p
formation. Practically, small vesicles are used in many c
metic or pharmaceutical products (topical, parenteral, o
inhalation delivery), and control over delivery through she
ing effects during application (spreading on skin, shea
blood vessels, etc.) could be useful.

In relation to theoretical works[18], we suggest apply
ing shear stress to deform vesicles made of two compon
a lipid matrix (EPC for instance) and a detergent bea
a large head group. The predicted ellipsoidal shape sh
sterically favor concentration of the detergent at the po
of the deformed vesicles. This phenomenon could lo
the local membrane tension and correspondingly determ
the pore formation and the leakage of the internal cont
(Fig. 1). Indeed, it has already been shown that the p
ence of detergent favors the formation of pores of crit
radiusr = γ /σ , γ being the line tension of the pore andσ

the membrane tension[19].
In order to determine if the vesicle shape is affected

shear, one introduces the capillary numberCa = Σstress/

PLaplace. The latter compares the strength of the shear st
Σstressthat tends to stretch the vesicle to the Laplace p
surePLaplace that tends to restore its spherical shape. T
vesicle shape is significantly affected by shear as soo
Ca > 1. Estimating the membrane tension asΣ = Kc/R

2,
Ca is written

(1)Ca = Σstress

PLaplace
= ηγ̇R3

Kc
,

where Kc, R, η, and γ̇ respectively designate the rigid
ity constant, the vesicle radius, the solution viscosity,
the shear rate. TakingR = 200 nm, η = 10−3 Pa s, and
Kc = 10kBT [20], one hasCa > 1 at room temperature a

−1
soon asγ̇ > 5000 s . Such numbers are compatible with
using large unilamellar vesicles (LUV) and spreading on
skin (shear rate∼1000 s−1) [21], shearing in blood capil-
pped.

,

lary vessels (shear rates∼100–1000 s−1) [22,23], or shear-
ing through the nozzle of a hair spray aerosol (shear
∼10,000 s−1) [24].

The present paper reports on our first results relate
the strategy exposed above. It is organized as follows.
first part, we report on a new permeability test relying
UV–vis absorption spectroscopy that was designed for in
observation in the transparent Couette viscometer use
induce shearing. The latter test is used to evidence th
shearing stress on the mixed lipid bilayer of EPC:deterg
vesicles in the range 50–400 nm induces leakage of w
soluble species through the membrane. Then we analyz
shear effects on the vesicle morphology by complemen
techniques such as electron microscopy, dynamic light s
tering, and fluorescence emission. The electron microsc
analysis reveals a mechanism more complex than sim
leakage leading to vesicle fusion. So we use a fluoresc
test after the shear process in order to evaluate the com
tion between leakage and fusion during the shearing of
vesicles. It was previously reported that the shearing
lamellar phase creates onions and simultaneously pe
encapsulation of materials[25]. Here we consider the pos
tencapsulation of external molecules inside already form
unilamellar vesicles by shearing. The discussion propos
mechanism that is analyzed in relation to the experime
results and to the expected shearing effects.

2. Materials and methods

2.1. Materials

ANTS and DPX were obtained from Molecular Prob
Plasmocorinth, EDTA, EPC, Brij 76, and all other chem
cal compounds were obtained from Sigma-Aldrich, Fran
Prepacked PD 10 columns (Sephadex G-25M) were
tained from Amersham Biosciences, Sweden. Dialysis m
brane (Spectra/Por 4, molecular weight cutoff 12,00

14,000) was obtained from Merck-Eurolab, France. Extru-
sion membrane (Whatman) was obtained from VWR Inter-
national, France.
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2.2. Preparation of vesicle suspensions

Lipid concentration was calculated from the init
amount of lipid used for vesicle preparation and the
nal aqueous volume. To avoid bursting because of osm
shocks during exchanges of aqueous solutions in vesic
media, osmolarities were adjusted with buffer or glucose
were measured with a cryoscopic osmometer (Roebling
paratus).

SUV were prepared by ultrasonication with a 2.5-m
diameter disruptor tip mounted on a Branson Sonifier (
disruptor B-30 manufactured by the Branson Sonic Po
Company, USA), used in the continuous mode with out
level 2 out of 10. A lipid film resulting from evaporating
chloroform solution of EPC under vacuum at room temp
ature was hydrated with the appropriate solution in a w
bath (40◦C). After 15 min of ultrasonication in an ice ba
to avoid any detrimental action of the generated heat, the
ternal solution was exchanged by submitting the vesicle
several dialyses against an isoosmolar solution. After di
sis, the final lipid concentration typically ranges from 40
70 mM depending on the preparation.

LUV were prepared by extrusion[26]. An EPC film was
hydrated at room temperature using the appropriate solu
The lamellar suspension was submitted to five freeze–t
cycles using liquid nitrogen and water at 20◦C before be-
ing extruded 10 times through a track-etched polycarbo
membrane (100-, 200-, 400-nm pores; Whatman) at 45◦C.
The exchange of the vesicle external medium was perfor
by gel exclusion chromatography on a prepacked Seph
G-10 column (Pharmacia) by elution with an isoosmolar
lution.

2.3. Solutions to evaluate shear-induced leakage

Internal vesicle compartments: 5 mM Plasmocori
[27], 5 mM MgCl2, 50 mM Tris pH 8 (osmolarity: 113
mOsmol). External vesicle compartments: 12 mM EDT
50 mM Tris pH 8 (osmolarity: 113 mOsmol).

2.4. Solutions to evaluate shear-induced fusion [28,29]

Internal vesicle compartments: either (i) 25 mM ANT
10 mM TES pH 7.4, 120 mM glucose (ANTS LUV 100
(ii) 90 mM DPX, 10 mM TES pH 7.4 (DPX LUV 100); o
(iii) 12.5 mM ANTS, 45 mM DPX, 10 mM TES pH 7.4
(ANTS/DPX LUV 100). External vesicle compartmen
10 mM TES pH 7.4, 200 mM glucose. The osmolarities
the three solutions were adjusted with glucose to 216 mO

2.5. Couette cell

The Couette cell (CAPLIM, Bordeaux, France; s

Fig. 1S in Supplementary Material) consists of one inner
stator and three different-sized outer rotors, allowing gaps
of 0.3, 0.5, and 1 mm for shear rates up to 20,000 s−1. It is
Interface Science 287 (2005) 298–306
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.

made of transparent polymethylmethacrylate (PMMA) t
allows spectroscopic measurements in situ. The temper
of the sheared solution in the Couette was calibrated
function of the shear rate by recording the absorbance
Plasmocorinth solution whose dependence on temper
was independently measured in a cuvette.

2.6. Photophysical experiments

Absorption spectra were recorded with a Cary 217 Va
spectrometer (Couette experiments) or a Beckman DU
spectrometer (cuvette experiments). Fluorescence sp
were recorded with a SPEX Fluoromax fluorimeter. Em
sion spectra were recorded under a monochromatic ex
tion wavelength ofλexc = 320 nm. Temperature was fixe
at 20◦C with a circulating water bath during these expe
ments.

2.7. Freeze-fracture transmission electron microscopy

Samples of LUV were studied before and after she
ing. In order to achieve the best preservation of the sam
structure upon cryofixation, glycerol (33% v/v) was add
into the external media. A layer of the sample 20–30
thick was deposited on a thin copper holder and then rap
quenched in liquid propane. The frozen samples were f
tured under vacuum (10−7 Torr) with a liquid-nitrogen-
cooled knife inside a freeze-etching unit (Balzers 301).
replication was done using unidirectional shadowing w
Pt–C at an angle of 35◦. The mean thickness of the met
deposit was 1.0–1.5 nm. The replicas were washed with
ganic solvents and distilled water and then observed wit
electron microscope (Philips EM 410). The contrast in
ages is related to the depth fluctuations of the metal dep
The mean diameters were measured on electron microgr
and are corrected by a factor of 4/π to account for the ran
dom cleavage of the vesicle by cryofracture.

2.8. Dynamic light scattering (DLS)

All the vesicle samples at lipid concentration 0.1–0.5 m
were filtered (Nucleopore, pore size 0.25 µm) before
periments. The dynamic light-scattering measurements w
carried out on a 4700/PCS100 Malvern apparatus at◦
to take into account the largest particles using an Ar la
(514.5 nm). Correlation functions were analyzed by the
mulant method to estimate the hydrodynamic diameter o
vesicles.

3. Results

3.1. Set-up of a test for direct observation of
shearing-induced vesicle leakage in a Couette cell
We have first looked for a technique to study the bilayer
permeability possibly induced during vesicle shearing. The
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(a)

(b)

Scheme 1. (a) Molecular structure of Plasmocorinth B (P); (b) complexa
process occurring between Plasmocorinth B and the magnesium (II) c

classical test based on calcein[30] was first envisaged. Un
fortunately we observed that the vesicles and the fluores
dye adsorbed onto the walls of the Couette cell at the r
vant concentrations; in addition, the geometry of the Cou
cell was not favorable to recording fluorescence emis
spectra. Thus we designed a new permeability test b
on UV–vis absorption and relying on larger concentrati
(typically 1 mM in dye and 10 mM in lipid) to decrease t
significance of nonspecific adsorption.

The principle of this new permeability test is similar
that of the calcein one: when the contents of the inte
and external vesicular compartments come into contact
reaction occurring between a cation and a ligand initia
separated induces a major change of the spectroscopic
erties of the ligand. We chose Plasmocorinth B (denote
as a ligand (Scheme 1).

This azo dye gives a 1:1 complex with Mg2+ and cor-
respondingly exhibits a significant change of its absorp
visible-spectrum in a favorable range of wavelengths to
cilitate correction from light scattering induced by vesic
(Fig. 2a) [27]. The symmetry of the curves giving relativ
absorbances at 520 and 620 nm upon successive add
of Mg2+ and EDTA (Fig. 2b) suggests that P can be rege
erated from P:Mg(II) due to formation of the more sta
1:1 EDTA:Mg(II) complex. The low curvatures of the co
responding curves indicate that complexation of Mg2+ by P
or displacement of P:Mg(II) after EDTA addition are ess
tially complete under the present experimental condition

These properties, observed in solution, were then use
the case of our vesicular systems. The internal vesicle c
partment is loaded with the P:Mg(II) complex and the ex
nal compartment contains EDTA; the latter Mg2+ ligand is
added (i) to favor displacement of Mg2+ from the P:Mg(II)
complex and (ii) to avoid any interaction between the di

lent cation and the polar head groups of the vesicle lipids.
Before contact between the internal and external pools, the
vesicle suspension is red, whereas it becomes blue after per
Interface Science 287 (2005) 298–306 301
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(a)

(b)

Fig. 2. (a) Evolution of the extinction coefficientε vs the wavelengthλ
of solutions of P (solid line) and of the P:Mg(II) complex (dashed line
50 mM Tris pH 8: the formation of the 1:1 complex with Mg2+ induces
a blue shift of the P absorption spectrum. (b) Evolution of the relative
sorbance at 520 nm (squares) and 620 nm (circles) during titration of 1
P with MgCl2 up to 1 mM in MgCl2, followed by titration with EDTA, in
Tris 50 mM pH 8.

meation through the lipid bilayer. The corresponding al
ation of the absorption spectrum of the vesicle suspen
can be used to follow the exchange of the aqueous solu
between the vesicle pools.

3.2. Shear-induced leakage in EPC vesicles

Four different batches of EPC vesicles containing
-

P:Mg(II) complex (respectively EDTA) in their internal (re-
spectively external) compartments were prepared using ei-
ther ultrasonication or extrusion through carbonate filters
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(a)

(b)

Fig. 3. (a) Evolution of the relative absorbance of LUV 100 (Clip =
7.5 mM) suspension in the presence of 1% (mol/mol) Brij 76 at shear
rate 10,000 s−1 as a function of shear time (0 min: solid line; 20 mi
dashed line) at room temperature. In a purpose of comparison, the re
absorbance after cholate addition leading to vesicle disruption is also
played (dotted line). (b) Evolution of the relative absorbance at 620 nm
function of shear time at room temperature in LUV 100 suspension a
ferent concentrations in Brij 76: 0% (diamonds), 0.1% mol/mol (squares),
1% mol/mol (circles) (shear rate= 10,000 s−1).

with holes of increasing diameter: 100, 200, and 400
The corresponding suspensions of EPC vesicles are re
tively designated by SUV, LUV 100, LUV 200, and LU
400 in the following.

LUV 100 were first submitted to shearing at 10,000 s−1
at room temperature[31] in the Couette viscometer. As
displayed inFig. 3b, only a weak leakage was observed
after 20 min. Then we added to the vesicle suspension a
Interface Science 287 (2005) 298–306

-

Fig. 4. Evolution of the relative absorbance at 620 nm as a function of s
rate for different suspensions of EPC vesicles (Clip = 7.5 mM) in the pres-
ence of 1% (mol/mol) Brij 76 after 20 min of shearing at room temperatu
LUV 100 (diamonds), LUV 200 (squares), LUV 400 (cross), SUV (tria
gle).

detergent bearing a large head group following the s
egy evoked in the Introduction[32]. The study was re
stricted to Brij 76 (C18OE10) which induced the desire
phenomenon of permeation under shearing. This deter
was chosen because of its electric neutrality and its
vorable partition coefficient between the aqueous solu
and the membrane[33]. This method could be extende
to other detergents presenting the same properties. Br
was added at 0.1 or 1% (mol/mol) with respect to EPC in
LUV 100 (Clip = 7.5 mM). Such detergent concentratio
(respectively 0.0075 and 0.075 mM) are above its crit
micellar concentration (cmc= 0.003 mM at 25◦C) [34].
Without shearing, no bilayer permeation occurred up to
(mol/mol) in Brij 76: we did not observe any evolutio
of the vesicle suspension at the day timescale. In cont
bilayer permeability dramatically increased under shea
10,000 s−1 (Figs. 3a and 3b). The extent of permeation in
creases at short times and then saturates: at 1% (mol/mol)
in Brij 76, the plateau is almost reached after 10 min. T
same experiments carried out on LUV 200 and LUV 4
led to similar results.Fig. 3b shows that increasing deterge
concentration increases the rate of permeation.

The significance of vesicle size was studied for a gi
concentration of Brij 76 at different shear rates at room te
perature.Fig. 4 displays the extent of permeation induc
by shearing in LUV 100 and LUV 200 in the presen
of 1% (mol/mol) Brij 76 after 20 min at 2000, 5000, an
10,000 s−1. The permeation extents in SUV and LUV 40
in the presence of 1% (mol/mol) Brij 76 after 20 min at
10,000 s−1 are also shown inFig. 4. One notices that the ex

tent of permeation increases with the shear rate but reaches a
plateau above 5000 s−1 for both LUV 100 and LUV 200. In
addition, LUV are more sensitive to shearing than the SUV.
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Fig. 5. Mean diameter (gray bars) and polydispersity (white bars) of L
100 (A), LUV 200 (B), and LUV 400 (C) before and after shearing at ro
temperature at 10,000 s−1 for 20 min in the presence of 1% (mol/mol)
Brij 76.

3.3. Shear-induced fusion in EPC vesicles

Dynamic light scattering (DLS) was used to characte
the vesicle preparations. The diameter of the SUV was fo
in the 50-nm range.Fig. 5 compares the average diamet
and polydispersities[35] of the different LUV samples. Th
average diameters are in line with the mesh size of the fi
used (135, 225, and 325 nm for 100-, 200-, and 400-nm m
size filters, respectively). As already noted elsewhere[36],
the vesicle samples prepared by extrusion on the 100
200-nm mesh size filters are less polydisperse than ves
prepared on the 400-nm mesh size filters. In addition,
already known that EPC LUV obtained with a 100-nm me
size filter are more unilamellar than EPC LUV made w
a 200-nm mesh size filter, those prepared with the 400
mesh size filters being rather multilamellar[26].

Fig. 5 shows that shearing of the LUV in the presen
of 1% (mol/mol) Brij 76 at 10,000 s−1 for 20 min at room
temperature strongly modifies the size distribution of ves
suspensions: the average diameter of the LUV 100 and o
LUV 200 is increased, whereas the average diameter o
LUV 400 is decreased. Big objects were formed from
originally “small” LUV 100 and LUV 200, whereas som
of the largest vesicles from the LUV 400 preparation bro
Moreover, the polydispersity increased with shearing, w
ever the initial diameter of the vesicles. In fact, it seems
the EPC vesicles reached a similar state after shearin
dependent of their initial size distribution (average diame
around 260 nm and polydispersity around 0.3 after 20
of shearing at 10,000 s−1).

With a view to determining if the created objects we
lipid aggregates or fused vesicles, the sheared samples
observed by freeze-fracture electron microscopy.Figs. 6a
and 6brespectively display LUV 100 before and after she

−1
ing for 20 min at 10,000 s in the presence of 1% mol/mol
Brij 76 at room temperature.Fig. 6b does not exhibit any
vesicle aggregate. Moreover, conservation of the surface of
Interface Science 287 (2005) 298–306 303

e

the lipid bilayer suggests that vesicle breakage leadin
lipid aggregates is a minor phenomenon if present. In c
trast,Fig. 6b confirms that fusion of vesicles does occur up
shearing: it evidences the presence of very large unilam
vesicles with diameters up to 1 µm. In contrast, fusion w
not observed after shearing the LUV 100 nm in the abse
of Brij 76.

3.4. During shearing

To evaluate the competition between the processe
leakage and fusion during shearing, we turned to the flu
metric ANTS/DPX fusion test[28,29]. Collisional quench-
ing is responsible for extinction of ANTS fluorescen
by DPX. At too low a concentration in a 1:1 (mol/mol)
ANTS:DPX mixture, the fluorescence of ANTS is visib
In contrast, the ANTS fluorescence is quenched at large
centrations. We recorded the emission spectra from 2
ANTS/DPX LUV 100, and from a 1:1 (mol/mol) mixture of
2 mM ANTS LUV 100 and 2 mM DPX LUV 100 (see Se
tion 2) before and after 20 min of shearing at 10,000 s−1 in
the presence of 1% (mol/mol) Brij 76 at room temperatur
(λexc= 320 nm).

The initially low fluorescence emission from 2 m
ANTS/DPX LUV 100 in the presence of 1% (mol/mol)
Brij 76 increased by a factor of 10 after shearing for 20 m
at 10,000 s−1. This observation confirmed the results fro
the permeation test: a shearing-induced leakage throug
bilayer dilutes the internal 1:1 ANTS:DPX solution and t
quenching of ANTS by DPX becomes less efficient.

The initially large fluorescence emission from a 1
(mol/mol) mixture of 2 mM ANTS LUV 100 and 2 mM
DPX LUV 100 decreased to 2/3 of its original value after
shearing for 20 min at 10,000 s−1 at room temperature. As
control experiment no change in fluorescence was obse
without shearing for several hours. Under the concentrat
used, 100% leakage upon shearing would hardly alter
fluorescence intensity; dilution of ANTS can only increa
its quantum yield of fluorescence and essentially no que
ing by DPX is expected after 100% leakage. In contr
100% of fusion of the internal compartment would lead
observation of a fluorescence intensity similar to that fr
the ANTS/DPX LUV 100. Thus the observed decrease
emission intensity clearly shows that fusion of the aque
compartments is a faster process than leakage during s
ing.

3.5. Vesicle postloading by shearing

We finally undertook to postencapsulate molecules in
vesicles under shear. In fact, this could be an interestin
ternative when fragile or expensive molecules are concer
since vesicle preparation and encapsulation would be d

ciated. Indeed, the Brij 76 detergent could be removed in a
subsequent step either by dialysis or using adsorption on la-
tex beads[37].
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(a) (b)

(c)
Fig. 6. Freeze-fracture electron microscopy pictures of LUV 100 before (a) and after (b) shearing for 20 min at 10,000 s−1 in the presence of 1% mol/mol
histo ite bars).
pictu

,
m,

r-
.
re-
sion
o-
ting
hear
µM
the

al-
2%

p to
ide

f the
ion

gnif-
sion
rij 76
size,
Brij 76 at room temperature (black bar= 1.5 µm); (c) corresponding size
These histograms were obtained from analysis of 220 vesicles in each

EPC LUV 100 (Clip = 6.6 mM) prepared without calcein
containing only 50 mM Tris at pH 8 in the internal mediu
were sheared in the presence of 1% (mol/mol) Brij 76 in a
solution containing 0.9 µM calcein 50 mM Tris pH 8 (exte
nal medium) for 20 min at 10,000 s−1 at room temperature
Then the calcein remaining in the external medium was
moved by two successive chromatographies on gel exclu
columns with 50 mM Tris pH 8 as elution solution. The flu
rescence emission of these filtered vesicles only origina
from the calcein entrapped inside the vesicles after s
was identical to the fluorescence emission from a 0.02
calcein solution. It corresponds to the fluorescence of
internal volume of the vesicles filled with the 0.9 µM c
cein external solution during the shear. This value (about

of the starting external medium concentration) satisfactorily
compares with the theoretical internal volume for EPC LUV
100 (Clip = 6.6 mM): 2% of the total volume, assuming a
gram of the same samples before (black bars) and after shearing (wh
re.

polar head surface per lipid of 70 Å2 [1,38]. Thus 0.9 µM
calcein penetrates inside the vesicles during shearing u
equilibration between the concentrations of calcein ins
and outside the vesicles. Therefore, the postloading o
vesicles by shearing was only limited by the volume fract
of their internal compartment.

4. Discussion

The present series of experiments evidences the si
icance of a shear on the behavior of EPC vesicles. Fu
and leakage events were observed in the presence of B
depending on diverse factors such as average vesicle

molar fraction of the detergent, and shear rate.Fig. 7 dis-
plays a tentative mechanism to account for our observa-
tions.
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Fig. 7. Schematic diagram of the mechanism governing the sh
ing-induced fusion and shearing-induced leakage of vesicles. Upon s
ing, the Brij 76 molecules partially segregate to accommodate
less-curved positions within the bilayer. This phenomenon promotes
formation of pores favoring leakage. In addition, interaction of vesicles
lead to fusion. In contrast, the largest vesicles are prone to scission.

One first examines the effect of the Brij 76 concentrat
on the leakage/fusion phenomena. In the absence of d
gent, we observed no significant leakage of EPC LUV 1
In the presence of detergent (up to 1% mol/mol to EPC) but
without shear, no permeation occurred, as anticipated f
the homogeneous distribution of the detergent in the bila
In contrast, the analysis relying on the capillary numberCa
defined in the Introduction supports the conclusion that
shape of the largest fraction of the LUV investigated in
present study is significantly affected by shear at the lar
examined shear rates; in view of the large spontaneous
vature of Brij 76, shearing here induces segregation of
Brij 76 molecules in the bilayer, which decreases the
tension. Leakage and fusion are facilitated; the more Bri
the easier this is.

Fig. 4 shows that the rate of leakage increases with
shear rate until a certain threshold is reached. Two fac
play a role here. First shear increases the Brij 76 con

tration at the vesicle poles, as already discussed above. In
addition, shear increases the collision frequency between
vesicles. Indeed, Smoluchowski showed that the kinetics of
Interface Science 287 (2005) 298–306 305

-

-

coagulation of particles submitted to a shear stress is a
of the second order with a characteristic timeτ

γ̇

coll if we con-
sider soft shocks making them stick together[39]:

(2)τ
γ̇

coll =
3

32γ̇ R3N0
.

N0 is the concentration of vesicles andR their average ra
dius. By comparison, the characteristic timeτ0

coll for colli-
sion at rest, determined by the Brownian motion, is

(3)τ0
coll =

1

8πDRN0
,

whereD = kBT/6πηR designates the diffusion coefficie
of vesicles (η is the external average viscosity). If the a
mensional ratioβ = τ

γ̇

coll/τ
0
coll = kBT/8ηγ̇R3 is less than 1

vesicle coalescence will rely on shear and not on Bro
ian motion. In the case of vesicles, the conditionβ < 1 is
fulfilled as soon asR > 40 nm (takingkT = 4 × 10−21 J
at room temperature,η = 10−3 Pa s, andγ̇ = 10,000 s−1).
Thus shearing does increase the number of collisions
tween most vesicles investigated in the present study.
increase of the coalescence rate due to shearing is exp
to strongly depend on vesicle size. The phenomenon is m
more pronounced for large vesicles.

Eventually vesicle size plays a major role in determin
the significance of shearing; the smallest vesicles are les
fected by shearing than the largest (seeFig. 4). Indeed, SUV
are the vesicles least responsive to shearing. One no
that LUV 100, LUV 200, and LUV 400 behave rather sim
ilarly. Explanation of the latter observation probably rel
on vesicle multilamellarity. Extrusion is prone to produ
a larger fraction of multilamellar vesicles when filters w
large holes are used[26]. In the case of multilamellar ves
cles, the leakage/fusion mechanism should be less effe
than expected for the largest vesicles.

5. Summary

This paper demonstrates that shearing considerabl
fects suspensions of EPC vesicles in the range 50–400 n
rates beyond 5000 s−1 when suitable detergents are add
Shear-induced leakage through lipid bilayers was eviden
with a new permeability test based on UV–vis absorpti
Diffusion light scattering and electron microscopy show
that shear can also promote the membrane fusion of the
cles; whatever the initial size of the vesicles, a same ste
state seems to be reached after fusion and scission e
respectively involving the smallest and the largest vesic
The fluorescence ANTS/DPX test demonstrated that fu

occurs faster than leakage upon shearing. Finally, shearing
is suggested as an attractive tool for post-loading preformed
vesicles.
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